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ABSTRACT
Thirty-six tests of bolted joints with either circular
washers or rectangular filler plates between the faying surfaces
were tested to determine their slip behavior. ,(All joints were
fabricated from 1 in. A36 steel plate and were fastened'by 7/8 in.
A325 bolts). Fifteen joints had clean mill scale on all contact
surfaces. Washers ranging from 1-3/4 in •. to 4-3/8 in. in dia-
meter were inserted·between the faying surfaces of twelve joints.
After testing with the mill scale surfaces, these joints were
blast cleaned and retested. Six blast cleaned joints had 3-1/2 in.
diameter, ·1/2 in. thick circular washers inserted·between the fay-
ing surfaces. Six more of these joints had 1/2 in. rectangular
fillers inserted. Six additional joints were fabricated to sup-
plement the original fifteen joints. Three had 1/16 in. thick
rectangular fillers and three had 1 in. thick rectangular fillers.
The study showed a decrease in sli~ resistance when
filler plates or washers were inserted between the main and lap
plates. Tack-welding the filler plates o~ washers to the main
·plates did not change the slip resistance. However, the joints
with washers or filler plates tack-welded to the main plate did
pick up load faster after first slip. There was no significant
variation in slip resistance with an increase in thickness of the
filler plates.
1. INTRODUCTION
In friction-type joints, slip constitutes failure.
Working loads are resisted by the shear force developed on the
faying surfaces due to bolt preload and the slip coefficient of
the connected materials.
In large.steel structures, plates may be out-of-flat
for many reasons. The plates in a joint may be deformed by
shearing, punching, welding, or other fabrication procedures.
Out-af-flatness may also occur during rolling. The plates may
be bent accidentally during transport or erection. In many field
installations, it may not be possible to draw up contact surfaces
of a joint even though all the bolts in a joint have been tight-
ened to specifications.
The original intention of this test program was to e-
valuate whether it is necessary to have full contact over the entire
faying surface area. Fifteen c.lean mill scale test joints were pre-
pared for this purpose. The variation in contact area was achieved
by inserting washers of different sizes (from 1-3/4 in. to 4-3/8 in.
in diameter) between the main and lap plates. The work has been
described by Nester10 and is summarized in this report. It showed
that there is ,no significant variation in the slip resistance
between different sizes, o,f washers. However, there was a marked
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difference between the control joints with no washers and the
joints with washers. It was not clear from the test results
whether this reduction in slip resistance was due to the presence
of mUltiple faying surfaces, or to the -thickness and shape of the
washers.
After testing with clean'mill scale surfaces, all fif-
teen joints were blast cleaned and retested. Half-inch-thick
rectangular filler plates were used in six joints over the full
contact area. Six joints used 3-1/2 in. diameter washers 1/2 in.
thick, and the other three were tested' without washers or fillers.
In six joints, three with filler plates and three with
washers, the fillers or washers were tack-welded to the main
,plate to assure that the slip planes occurred between the inserts
and the lap plates.
Since filler plates are often used to pack out a joint,
the results of this study could be of direct value in determining
wheth~r joints with filler pl~te inserts will perform satisfactor,i~Y
as friction-type connections.
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2. REVIEW OF PREVIOUS WORK
A series of 26 tests was conducted at Dorman Long and
Company in 1965. 8 All specimens had two bolts in line packed
with 1/8 inch washers. The contact area was controlled by vary-
ing the sizes of washers. Thirteen specimens had clean mill
scale surfaces. After testing, the specimens were grit blasted
and retested again. The test results are summarized in Figure 1.
Test results showed that the slip coefficient was
much higher for the grit blasted surfaces than,for the tight
mill scale surfaces, but it did not appear to vary with the
contact area.
Numberous tests have been made on large bolted joints
66·in recent years. '. The primary object of these investigations
was' to study the influence of various factors, such as· joint
length, width, pitch, and type of steel on the ultimate strength
of bearing-type connections. Slip resistance was.also observed
during these tests. A reasonable mean value for the slip co-
efficient for tight mill scale faying surfaces of A7 or A440
steel is about 0.35.' Neither joint length nor width had any
appreciable effect on the slip coefficient.
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There is no record of any research to date on the
effect of filler plates on the performance of bolted joints.
However, Vasarhelyi and Chen tested bolted joints with main
plates of different thickness. 14 Full surface contact could not
be obtained adjacent to the end of the thinner main plate. They
suggested that the best way to improve the ~lip resistance was
to increase the distance of the first row of bolts from the
edge of the thinner main plates. Thi~ would increase'the flex-
ibility of the l'ap plates and allow more effective surface con-'
tact.
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3. TESTING PROGRAM
3.1 Description of Specimens
All 36 test specimens were fabricated from 1 in. A36
steel plate supplied from the same heat. All were four-bolt-in-
line specimens with 7/8 in. diameter A325 bolts at a pitch of
5-1/4 inches. The test program is summarized in Table 1.
Fifteen joints were tested with clean mill scale sur-
faces. They were divided into five groups of three specimens.
The first group had no washers and served as control joints (see
Figure 2a). The remaining specimens had 1/2 in. thick washers
of 1-3/4 in., 2-5/8 in_, 3-1/2 in., and 4-3/8 in. diameters in-
serted between the main and lap plates as indicated in Figure 2b.
After testing with clean mill scale surfcces, all joints
were blast cleaned with 86-60 steel shot and retested. The first
group of three joints, designated seAl (see Figure 2a), provided
information on the effect blast cleaning had on'slip behaviqr.
Joints SCA2 and SeAS had 5-1/4 in. x 21 in. x 1/2 in.
filler plates inserted between the main. and lap plates as shown
in Figure 3. The filler plates had the same surface treatment
as the joints. Joints seAS differed from joints SCA2 in that
the filler plates were tack-welded to the main plates.
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Joints SCA3 and SCA4 had 3-1/2 in. diameter by 1/2 in.
thick shot blasted washers inserted between the main and lap
plates·. The washers for joints SCA4 were also tack-welded to
the main plates.
Joints SCA6 and SCP7 had 1/16 in. and 1 in. thick filler
plates inserted between the main and lap plates. .These joints had
blast cleaned surfaces and had not been t~sted previously.
3.2 Plate Properties
The 1 in. and 1/2 in. thick'A36 steel plates used to
fabricate the test joints were rolled from the same heat. The
1 in. plates were 28-1/2 in. wide and 34 ft. long. A 2 ft. long
section was cut from. the middle of each plate and used to evaluate
the material properties. These coupons were tested in a mechanical
testing machine at a speed of 0.025 in. per minute to beyond the
onset of strain hardening. The machine was stopped three times
on the yield plateau to o.btain the static yie~d load. After
strain hardening started, the machine was run 0.3 inches per
minute unt~l rupture. The load-strain relationship for each
coupon was plotted by an automatic recorder.
The average static yield stress F was 29.8 ksi andy
the standard deviation was·O.53 ksi. The yield strength of the
plates was lower than the sp~cified yield strength of A36 material
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because of the lower speed of testing. The average ultimate
tensile strength F was 61.9 ksi, and the standard deviation
u
0.63 ksi. The maximum elongation in 8 in. was 39%, and the
maximum reduction in area was 64.6 percent.
3.3 Calibration of Bolts
Seven-eighth in. diameter A325 bolts fastened all 36
joints. Bolts were calibrated in both direct tension and torqued
tension. Three bolts were chosen at random for each calibration
and their average properties were used to predict the behavior of
the bolt lot. All bolts satisfied the minimum proof load and
ultimate load requirements specified by ASTM.
In all joints with clean mill scale faying surfaces
and blast cleaned joints with 1/16 in. and 1 in. fillers, cali-
bra'ted bolts were used. Foil gages were mounted on opposite
sides of each bolt shank near the heads. Small areas ll/16 in.
long and 1/16 in. deep were milled near the bolt head to pro-
vide a flat surface for the gages. Holes 1/8 in. in diameter
were drilled through the head to provide room for electrical
wires.
Each gaged bolt was calibrated in direct tension in
order to relate strain to bolt tension. The overall bolt elonga-
4
tion was also checked with a C-frame extensometer. The reduced
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shank area. did not cause any appreciable difference in the load
elongation relationship as compared to the bolts without gages.
The load-strain relationship was linear for both loading. and
unloading cycles.
The bolt tension in the remaining joints was d~termined
from changes in elongation as measured by the C-frame extensometer.
From torque tension calibrations an average load-elongation re-
lationship was established. Each bolt was tightened until its
elongation corresponded to the minimum required,preload.
For all SCA7 joints, special electrical resistance
deflection gages were used to measure relative displacement be-
tween the filler and lap plates. The gage was a double cantilever
clip-in displacement type made of aluminum. Two foil gages were
pl~ced on each side of the cantilever arm and wired as a full
bridge circuit. The gage was clipped between two knife edges
bolted to the plates whose slip was being measured. The material
properties of the aluminum permitted the cantilever arm to be
reduced to 1.625 in., thus taking considerably less space than
mechanical, gages or steel cantilever gages.. The gage was cal-
ibrated with a, micrometer and provided an accuracy of one ten-
thousandth of an inch.,
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3.4 Fabrication 2nd Assembly of Joints
The joints were fabricated by a local steel fabricator.
The plate elements were flame cut to rough size and milled to
. final dimensions. The end holes were drilled to their full size.
All washers inserted between the main and lap plates were fab-
ricated in the Fritz Laboratory machine shop from a 1/2 in. thick
plate rolled from the same heat of steel.
After testing, the initial fifiteen joints were returned
to the fabricator for blast cleaning. Joints SCA6 and SeA7 were
blast cleaned during fabrication.
Final cleaning, assembly, and instrumentation·of the
joints were performed at Fritz Engineering Laboratory. Before
assembly, the joints were cleaned with shop solvent to remove
grease or other foreign materials.
3.5 Instrumentation of Joints
All the specimens were instrumented to record their
performance during testing. For the blast cleaned specimens,
two 0.0001 inch dials were attached to tabs tack-welded to both
sides of the main plate in line with the top row of bolts. The
pointers of these gages rested on a frame tack-welded to the lap
plates in line with the tabs. Thus slip moverne,nt between the
main and lap plates was measured on one line.
-10-
Joint elongation was measured between points one gage
length outside the top and bottom bolts. One-half in. studs
were tack-welded on each edge of the main plate at the top, and
a bar was tack-welded on each edge of the lap plate at the bottom.
Two 0.001 inch dials were secured at the top stud and jqined to
the bottom bar by wire.
Joints with 1/16 in. and 1 in. fillers were instru-
mented with additional dial gages. For the jo~nts with 1/16 in.
fillers, six 0.0001 ~n. slip dial gages were used. Three gages
were attached on each side of the joint to check for .eccentricity.
The first was in line with the first bolt, the second halfway
between the second and third bolt, and the third in line with
the bottom bolt.
For the joints ·with 1 in. fillers, five 0.0001 in. slip
dial gages were used. Three gages were placed on one side and
two gages on the other serving the same purpose as those on the
joints with 1/16 in. fillers described above. Two additional
electrical resistance deflection gages were used to measure rel-
ative displacement between lap plate and filler plate. Each gage
was clipped between two knife edges bolted directly to the plates
being measured.
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3.6 Testing Procedure
All the joints were tested in an 800 kip mechanical
testing machine with wedge grips. Load was applied in 20 kip
increments until major slip occurred. At each load increment,
all dials and gages were read. At slip, both dynamic and static
load readings were taken. For the clean mill scale specimens,
several minor slips occurred after the major slip; both loads
were read for each slip. This procedure was repeated until the
joint was in bearing.
Sudden slip did not occur on most blast cleaned speci-
mens. The load increment was decrea~ed as the slip dial move-
ment increased.
After the joints were removed from the testing machine,
they were dismantled so that the contact surfaces could be in-
spected and photographed.
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4. TEST RESULTS AND ANALYSIS
4.1 ·Slip Behavior of Clean Mill Scale Specimens
When a bolted joint is subjected to tensile load, shear
forces develop along the faying surfaces as the main and lap
plates tend to move relative to each other. When the shear on
the faying surfaces overcomes the frictional resistance, slip
begins to occur. It develops first at the ends of the joint at
relatively low loads and progresses inward as the tensile load
increases. 6 After t~e total resistance of the faying surfaces
is exceeded, slip occurs along the whole plane.
For the clean mill scale specimens (C~l in Table I)
there were small movements of the slip dial as the load increased
and the joint deformed elastically as illustrated by the straight
lines in Figure 4. When "major slip occurred, there was a loud
noise followed immediately by a sudden drop in load. The slip
dials moved violently at the same time. After the major slip,
a few minor-slips took place before the joints came completely
into bearing. Test results are summarized in Table II for all
joints having clean mill scale faying surfaces.
The theoretical joint elongation shown 'in Fig. 4 was
calculated by assuming that the joint deformed elastically and
that joint load was carried by the gross area of the main and .
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lap plates from the top and bottom gage points. The test results
agreed closely with the calculated joint elongation in the range
before major slip occurred.
Figure 4 shows the load-joint elongation on the left
and load-slip behavior on the right. The slip shown is the
average slip registered by the two dial gages at the top bolt
measuring the relative movement between the main and lap plates
on a line. The joint elongation shown is the average reading of
the two dial gages on each side of the joint measuring elastic
deformation as well as slip movement along the whole joint length •
. The general patterns for the load-joint elongation and load-slip
relationships are the same. It was concluded that slip occurred
along the whole joint leng~h rather than as a local phenomenon.
This behavior also occurred in the blast cleaned specimens.
4.2 Slip Behavior of Blast Cleaned Specimens
For the blast cleaned specimens (SeAl - See Table '1),
the initial behavior was similar to that of the clean mill scale
specimens. However, no sudden slip was observed. The slip could
be detected only by the increasing movement of the slip dial with
increasing load. Both load-slip and load-elongation curves ex-
hibited gradual slip as is apparent in Figure 4. As. the joints
came into bearing, there was an increase in slope of the.load-
slip and the load-elongation curves.
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The blast cleaned surface was rougher than the clean
mill scale surface. Evidently, there ,was a shearing off of the
surface irregularities between the contact surfaces as slip oc-
curred. This was a continuous process and caused gradual slip.
The comparison between clean mill scale and blast
cleaned surfaces in Fig. 4 shows that the blast cleaned specimens
resisted about twice as much load before slip as the clean mill
scale specimens.
4.3 Slip Coefficient
The slip coefficient is defined as K = PINT, where K
is the slip coefficient, P the slip load, N the number of slip
planes, 'and T the total initial clamping force.? The total
clamping force has been taken as the sum of all the bolt tensions.
With clean mill scale specimens, sudden and definite
slip occurred. Slip load can easily be defined as the highest
load the joint can resist before major slip_
Since there was no definite major slip for the blast
cleaned specimens, the s.lip load could only be arbitrarily de-
fined. Two definitions are used in this report. The first
definition was based on load .vs. elongation curve. The load
that deviated from the straight line or elastic portion was defined
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as the slip load and the corresponding coefficient is referred
to as K1 in this report. The second definition was based on
the load vs. slip curve. The load that corresponded to 0.02
in. total slip movement was defined as the slip load and is re-
ferred to as K2 in this report. The slip coefficients of each
of the joints are summarized in Table II and III. K2 values
were always higher than K1 values.
4.4 Effect of Washer Inserts on Slip Behavior
For clean mill scale specimens, the slip coefficient K
varied from 0.20 to O.32·for the joints with washers as comp~red
to 0.28 to 0.39 for the control joints. These results are shown
graphically in Figure 5. There was a marked decrease in slip
resistance between control specimens and joints with inserts,
indicating that the effect of washer inserts was substantial.
No significant relationship could be established between slip
resistance and washer diameter. The original goal of the tests
was not reached because the effect of insert thickness was greater
than expected.
For the blast cleaned specimens, a comparison was made
between joints with and without washers in Figure 6. There was
a decrease in slip resistance between the control specimens and
joints with washer inserts. The same results were observed in
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Table III. The slip coefficient K1 decreased from 0.65 for the
control specimens to 0.18 for joints with washers. Since the
same behavior was observed in both clean mill scale and blast
cleaned specimens, it was evident that the insertion of washers
reduced the slip coefficient; this wa~ probably due to the eccen-
tricities introduced into joints by the washers.
The tests results were comparable with results re-
ported in Reference 8. The average slip resistance for control
specimens was O.~4 as compared with 0.30 obtained by Dorman Long
and Company. The slip coefficients for the grit blasted surfaces
were significantly higher than for .the clean mill scale specimens,
but there was no significant variation within joints with various
washers.
4.5 Effect of Rectangular Inserts on Slip Behavior
Rectangular fillers had the same contact area as the
control specimens and the same thickness as the washer inserts.
There was a marked decrease in slip coefficient between the con-
trol joints and the joints with rectangular fillers, as shown
in Figure 6. It was evident that rectangular inserts reduced
slip resistance.
Figures 6 and 7 show a comparision between joints
with filler plates and joints with washers. Joints with fillers
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had much higher slip coefficients than jOints with washers. It
may be concluded that the full contact area will give a higher
slip coefficient.
For joints with 1/16 in. thick fillers, the behavior
is much more similar to mill scale specimens than to blast cleaned
specimens. When the joints were loaded, there were small defor-
mations with the- dial gages moving very slowly. When the first
major slip occurred there was a loud noise followed immediately
by a sudden drop in load. A few minor slips followed before the
joint came to bearing.
After testing, the joints were dismantled for close
inspection. The surfaces of the 1/16 in. fillers were very
smooth compared with the s~rfaces of the main and lap plates.
This was probably due to the thickness of the plate causing dif-
ficulty in blast cleaning. Further investigation was suggested
on this type of filler to obtain a clearer picture.
Sudden slips also occurred in joints with 1 in. filler
plates. Additional information was obtained on slip behavior
with electrical deflection gages mounted on the filler and lap
plates. It was clear that at first slip the slip plane occurred
between the main and filler plates. As the load increased beyond
first slip, slip started to occur between the filler and lap
plates.
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Figure 8 compares load-slip behavior for the joints
with 1/16 in., 1/2 in., and 1 in. fillers. These joints had
approximately the same slip load. It may be concluded that the
thickness of the inserts does not a~preciably affect the joint
behavior. Rectangular fillers reduced the average slip'coeffi-
cient by 20 percent. Different filler thicknesses produced no
significant variation.
Joints SCA6 and SCA7 had three dial gages on each side
of the joint. The first one was in line 'with the fir~t bolt, the
second was in the middle between the second and third bolts, an,d·
the third was in line with the bottom bolt. Slips at the three
locations are plotted-in Fig. 9 for a typical joint. The first
dial gages to respond under load were the end gages. The gages
at the middle lagged con~iderably. It was evident that slip
started at the end of the joint and progressed inward toward the
middle as the load increased.
4.6 Effect of Tack-Welding on Slip Behavior
Figures 10 and 11 show comparisons of washers and
filler plates with and without tack-welding. Tack-welding had no
significant effect on slip behavior, a~d the values of slip coeffi-
cients were comparable as is shown in Table III. Inserting filler
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plates and washers created four possible slip planes in the
joint. By welding filler plates and washers to the main plate,
slip could occur only on the plane between the inserts and the
lap plate. The results suggest that the increased number of
possible slip planes had little effect on first slip. When
slip occurs, it only occurs in two planes.
After the first slip, slip planes started to develop
between fillers and lap plates. It is evident from Figures 10
and 11, that a joint with tack-welding can pick up load much
faster than the one without tack-welding.
4.7 Summary of Results for Blast Cleaned Joints
A graphical summary for all blast cleaned joints is
given in Figure 12. The slip coefficient K2 is plotted for all
blast cleaned specimens, and the average value is indicated by
the cross for each specimen group. The average slip coefficient
for the control joints was 0.74. The insertion of rectangular
fillers reduced the slip coefficient to 0.53. There was no
significant difference between the slip coefficients for fillers
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with various thickness. The insertion of washers further reduced
the slip coefficient. Initial slip occurred at less than half
the value provided by joints with rectangular fillers.
Tack-welding did not affect the slip coefficient for
either rectangular or circular fillers, as is apparent in Figure 12.
4.8 Analysis of Joints with Washers or Filler Plates
The ~oints with washers and filler·plates were analyzed
as a structural framework in an attempt to determine why joints
with fillers exhibited less slip resistance. The washers and
filler plates were treated as members subjected to shear and
bending with various cross-sectional areas. Several assumptiQns
were made to simulate joint behavior:
1. The main plates were assumeQ to transfer axial
and shear force only, because symmetry of the
joint would prevent rotation.
2. The forces were assumed to be concentrated at
the centroids of the members.
3. The bolt clamping force was assumed to be constant
and applied directly to the joint.
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4. The modulus of rigidity was assumed to be equal to
12 x 106 psi.
5. The slip coefficient was assumed to equal the
value obtained for standard specimens, 0.35 for
clean mill scale specimens and 0.65 for the blast
cleaned specimens.
The stiffness method was used to analyze the joint.
Except for the main plate, each member was assumed to deform due
to axial force, shear, and moment. Shearing deformations were
taken into account in the fillers. The effective shear area was
taken-as 83.5% of the cross-sectional area for rectangular fillers,
and 91% for circular washers_.
The stiffness matrix, relating forces and displacements,
was developed for each member, and is referred to as K matriX.
The nodal displacements were determined from the stiffness matrix
and the applied joint load by the relation ~ = K- 1 w. 9 The stress
resultants were then obtained from the nodal displacements.
When load .is applied to a bolted joint, higher frictional
forces exist at the ~nds of each plate because of the strain
compatibility condition. 6 This condition eventually causes a
relative displacement of the faying surfaces near the ends of the
joint. In joints with washers or filler plates, the-maximum
-22-
frictional resistance is exceeded on .the faying surfaces of the
end washers or filler plates. Once the maximum resistance is
achieved at the end filler, the interior joints are subjected to
a force equal to P - ~R. As the joint load is increased, a uni- ,
form resistance remains at each end of the joint and the joint
load can be increased until the frictional resistance of the
interior joints is overcome. The results of the study are tab-
ulated in Table IV. For joints with 4-3/8 in. washers, the pre-
dicted slip resistance was comparable. to the test value, with a
maximum difference of 11 percent. For the smaller diameter
washers (1-3/4 in., 2-5/8 in., and 3-1/2 in.), the calculated
results deviated from the experimental values.
Cullimore and Upton undertook a theoretical study on
the distribution of pressure between two flat plates bolted
together.3 They showed that maximum contact pressure occurs at
the edge of, the hole and that it drops rapidly as the radius in-
creases. For the small diameter washers (1-3/4 in.), the pres-
sure on the edge of the washers was very high and they tended
to dig into the main and lap plates so ,that higher slip loads.
were possible. This was confirmed by visual observation after
the tests. Some of the mill scale was sh~ared of'f or loosened at
the contact areas between the washers and the main plate. The
loints with 1-3/4 in. washers even showed scarring of the bare
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metal. The amount of surface disturbance on the main plates
appeared to be inversely proportional to the size of the
washers.
For 3-1/2 in. and 4-3/8 in. diameter washer inserts
the contact pressure dropped rapidly and the rotational tendency
was also greatly reduced.
For joints with filler plate inserts, the calculated
results indicated that the slip load is directly propbrtional
to the filler plate thickness. As the filler plate thickness
changed from 1/8 in. to 1 in., the predicted slip resistance
increases from 154 :~ips to 158.4 kips. When the thickness of
the filler plate is increased, it becomes more flexible and is
able to provide a better redistribution of the shear force.
Since the predicted difference was only 6 kips, it was not pos-
sible to observe the trend in the experimental study because the
test values were scattered. However, a large number of joints
with filler plates did have slip resistances in the range from
140 kips to 160_ kips. The maximum difference between the test
and predicted values is 16.1 percent.
One joint (SCA3-1) had electrical resistance strain
gages around the lap plate placed midway between washers as in-
dicated in Figure 13. At each location, gages were placed on
both sides of the lap plate, two near the edges and one at the
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middle of the plate. The induced bending moments were determined
by evaluating the difference between the average gage readings on
each side of the plate. The'induced bending moments were obtained
by evaluating the difference between the average gage readings on
each side of the plate. When the applied load was 120 kips, bend-
ing moments in the plate between washers ranged from 0.079 in. -
kips to 1.2 in. - kips. The average values are summarized in
Table V. This induced bending moment 'was lowest at the end of
the lap plate and increased as it approached the center of the
joint. The calculated values were comparable to the test values
as indicated in Table, V.
For the blast cleaned joints, there was a substantial
decrease in slip resistance between the control joints and the
joints with- filler inserts. For the control 'specimens the pre-
dicted bending moments were- approximately one tenth the values
that were generated for the joints with 1 in. fillers. With
more bending moment induced into the joints with 1 in. fillers;
the pressure at the edges would decrease and less slip resistance
would-result.
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5. SUMMARY AND CONCLUSIONS
On the basis of this study, the following conclusions
have been made:
1. For the clean mill scale specimens, the insertion
of washers between the main and lap plates reduced
the average slip coefficient from 12 to 32 percent.
Among joints with different sizes of washers, the
values were scattered and no definite relationship
could be established between the slip resistance
and the washer diameters.
2. The insertion of 3-1/2 in. diameter washers be-
tween the faying surfaces of the blast cleaned
joints reduced the average slip resistance from
56 to 72 percent. The use of rectangular fillers
between the faying surfaces reduced the average
slip resistance by 20 percent. Different filler
thicknesses produced no significant variation in
the slip resistance, and the analysis predicted
that none would occur.
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3. Tack-welding'washers or filler plates to the main
plates did not affect the initial slip. After first
slip occurred, joints with tack-welding were able
to pick up load much faster than joints without
tack-welqing.
4. When two metal surfaces are pressed together con-
tact occurs only at the high spots. The mechanism
of slip seems to be predominantly a shearing off
of the surface high spots. When the contact sur-
face is smooth, slip is sudden with a large drop
in load. When the surface is rough, like that of
most blast cleaned joints, the shearing off of the
surface irregularities is gradual and no sudden
drop of load is noted.
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Joint No~ of
Series Specimens
TABLE I
SUMMARY OF TEST SPECIMENS
CAl
CA2
CA3
CA4
CAS
seAl
SCA2
SCA3
SCA4
seAS
SCA6
SCA7
3
3
3
3
3
3
3
3
3
3
3
3
Clean mill scale with no washers
Clean mill scale with 1-3/4Tt dia. 1/2" thick washers
Clean mill scale with 2-5/8 Tt dia. 1/2" thick washers
Clean mill scale with 3-1/2Tf dia. 1/2 fT thick washers
Clean mill scale with 4-3/8 Tf dia. 1/2ft thick washers
Blast cleaned
Blast cleaned with 1/2" filler plates
Blast cleaned with 3-1/2" dia. 1/2" thick washers
Blast cleaned with 3-1/2" dia. 1/2" thick washers
tack-welded
Blast cleaned with 1/2fT filler plates tack-welded
Blast cleaned with 1/16" filler plates
Blast cleaned with ITt filler plates
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TABLE II
TEST RESULTS
Specimen Load at Max. Load Initial K Remarks
No. 1st slip Before .02
TT Clamping Clean mil1-
movement force scale
kips kips washers dia.
CA1-1 102.8 102.8 144.2 0.36 None
CAl-2 82.2 82.2 145.2 0.28 None
.CAl-3 112.6 112.6 144.4 0.39 None
Average 99.3 99.3 144.3 0.34
CA2-1 84.1 84.1 144.6 0.29 1-3/4
CA2-2 92.6 92.6 145.2 0.32 1-3/4
CA2-3 84.0 84.0 144.6 0.29 1-3/4
Average 86.9 86.9 144.8 0.30
CA3-1 83.5 93.3 158.2 0.26 2-5/8
CA3-2 64.4 87.0 144.6 0.22 2-5/8
CA3-3 63.7 87.3 146.7 0.22 2-5/8
Average 70.5 89.2 149.8 0.23
CA4-1 59.3 63.4 144.9 0.21 3-1/2
CA4-2 57.5 62.7 145.7 0.20 3-1/2
CA4-3 67.8 88.6 145.4 0.23 3-1/2
Average 61.5 71.6 145.3 0.21
CAS-1 74.4 79.4 145.2 0.26 4-3/8
CA5-2 75.0 75.0 144.5 0.26 4-3/8
CAS-3 84.3 84.3 144.0 0.29 4-3/8
Average 77.9 79.6 144.6 0.27
-30-
TABLE III,
TEST RESULTS
-.---...--r----~ ....".-..-- .~-..-.-~.- "··-~·I
--
Specimen Load at Max. Loq.d ' Initial K1
: K2 RemarksNo. 1st slip before .02tt Clamping
movement force
kips kips kips
SCA1-l 179 200 144 0.59 0.70 Blast cleaned
SCAl-2 200 225 144 0.70 0'.77 Faying surface
SCAl-3 190 212 144 0.66 0.74
Average 0.65 0.74
SCA2-1 120 145 144 0.42 0.51 Blast cleaned
SCA2-2 100 140 144 0.35 0.49 with 1/2 inch
SCA2-3 100 155 144 0.35 0.54 filler plates
Average 0.37 0.52
SCA3-1 45 70 144 0.16 0.25 Blast cleaned
SCA3-2 60 85 144 0.21 0.30 with 3-"1/2 in.
SCA3-3 50 80 144 0.18 0.28 dia. washers
Average 0.18 0.28
SCA4-1 60 85 144 0.21 0.30 Blast cleaned
SCA4-2 60 90 144 0.21 0.31 with 3-1/2 in.
SCA4-3 70 100 144 0.24 0.3,5 dia. Washers
Average 0.22 0.32 tack-welded
SCA5-1 110 160 144 0.39 0.56 Blast cleaned
SCAS-2 130 155 144 0.45 0.54 with 1/2 inch
SCA5-3 80 130 144 0.28 0.46 filler plates
Average 0.37 0.52 tack-welded
SCA6-1 135 135 144 0.47
-- BIas t cleaned .
SCA6-2 165 165 144 0.57 -- with 1/8 inch
SCA6-3 160 160 144 0.55
-- filler plates
Average 0.53
--
SCA7-I 163 163 144 0.57
-- Blast cleaned
SCA7-2 147 147 144 0.51
-- with 1 inch
SCA7-3 155 -- 144 0.54
-- filler plat.es
Average 0.53
--
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TABLE IV
ANALYTICAL AND EXPERIMENTAL RESULTS
Type Analytical Experimental PercentResults Results Difference
1----------------+--------11---.----------- ,--------1
Clean mill scale Joints
with 3-1/2 in. washers
inserted between the
faying surfaces
Average
Clean mill scale Joints
with 4-3/8 in. washers
inserted between the
faying surfaces
Average
Blast cleaned Joints
with 1/8 in. fillers
inserted between the
faying surfaces
Average
Blast cleaned Joints
with 1/2 in. fillers
inserted between the
faying surfaces
Average
Blast cleaned Joints
with 1/2 in. fillers
tack-welded to the
main plate
Average
Blast cleaned Joints
with 1 in. fillers
6 inserted between the
faying surface
Average
76.4
74.8
153
155
155
158
59.3
57.5-
67.8
61.5
74.4
75.,0
84.3
77.9
135
165
160
153.3
145
140
155
146.6
160
155
130
145
163
147
155
155
22.4%
24.9%
11.1%
0.50%
0.2 %
l2.7 %
11.8 %
7.8 %
4.6 %
3.2 %
9.8 %
o %
3.2 %
o %
16.1 %
3.2 %
6.9 %
1.9 %
"-- - -+- ---lI-...-.- ~~----._-~
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ANALYTICAL AND EXPERIMENTAL RESULTS
2
Joint SCA3-1
Bending Moment
3
Section Computed ExperimentalResults Results
1 0.19 in-kips .092 in-kips
2 0 in-kips .065 in-kips
-
3 0.19 in-kips 0.18 in-kips
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Fig. 5 Variation of Slip Coefficient with Contact Area
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